Abstract: Formation control is an important issue of motion coordination of Multi-agent Robots Systems. The goal is to coordinate a group of agents to achieve a desired formation pattern. The control strategies are decentralized because every robot does not possess information about the positions and goals of all the other robots. Based on the formation graphs properties and the local potential functions approach, we obtain a formal result about global convergence to the desired pattern for any formation graph. Also, we characterize the topologies of the formation graphs where the centroid of positions remains stationary. Finally, the control approach is extended to the case of unicycle-type robots.
Introduction
The term Multi-agent robots systems (MARS) means groups of autonomous robots coordinated to achieve cooperative tasks. Formation control is an important issue of motion coordination of MARS, specifically applied to groups of mobile wheeled robots. Applications include toxic residues cleaning, transportation and manipulation of large objects, exploration, searching and rescue tasks and simulation of biological entities behaviors [1] . The goal is to guarantee the convergence of the agents or robots to a particular formation pattern. The problem is complex because it is assumed that every robot does not possess global information. Therefore, the control strategies are decentralized and the main intention is to achieve desired global behaviors through local interactions [2] .
Some advantages of decentralized approaches are greater autonomy for the robots, less computational load in control implementations and its applicability to large scale groups [3] . Decentralized formation control strategies includes behavior-based [4] , [5] , [6] swarms stability [7] , virtual structures [3] and Local Potential Functions (LPF) [8] , [9] . The LPF method consists of applying the negative gradient of a potential function as control inputs of agents. The LPF's are designed according to the desired inter-agent distances and steer all agents to the desired formation. Formation Graphs (FG), are an important tool to guarantee convergence to the desired pattern [10] , [11] , [12] . The application of different FG's to the same group of robots produces different dynamic behaviors of the group in the closed-loop system. For example, [13] analyze the convergence of the complete FG, where every robot measures the position of the rest of the group. The cyclic pursuit FG is studied in [2] where every robot pursues the next robot and the last robot pursues the first one making a closed-chain configuration. A FG with bidirectional communication in the cyclic pursuit is analyzed in [14] . An analysis of convergence of all undirected FG's is presented in [10] where the communication between pair of robots is bidirectional. The convergence of some leader-followers schemes is analyzed in [15] for the case of the FG centered on a virtual leader and [16] for the open-chain or convoy configuration. Another approaches of leaderfollowers schemes are found in [8] , [17] , [18] . Although the LPF and FG approaches are used commonly in the literature, there does not exist a general result about the convergence of the closed-loop system using an arbitrary formation graph. Inspired in [2] , we analyze the convergence to the desired formation for any FG based on the Laplacian matrix of the FG and the Gershgorin circles Theorem [19] . Also, we analyze the conditions of the FG such that the centroid of positions remains constant for all time. To the best of our knowledge, the unique similar result is exposed in [2] for the cyclic pursuit FG only. The results originally were presented in [20] and selected for publication in this journal.
The paper is organized as follows. Section 2 introduces the problem statement and defines the notion of FG. Section 3 describes the formation control strategy based on LPF for the case of point-robots and the main result about the convergence to the desired formation. The analysis of the centroid of positions is given in Section 4. The approach is extended to the case of unicycle-type robots in Section 5, together with some numerical simulations. Finally, concluding remarks are offered in Section 6. It is important to point out that the inter-agent collisions problem is not considered in this work. Some analysis of the non-collision for some FG's are presented in [10] , [14] and [15] .
Problem
According to [10] , [11] , [12] , the desired formations of a group of agents can be represented by a FG defined by:
relative position between agents i and j , i.e. 2 , 
The previous condition establishes that some position vectors form closed-polygons and it is related to the feasibility formation [10] . Note that (3) implies that if , , 
For a connected FG, the Laplacian has a single zero eigenvalue and the corresponding eigenvector is   1,...,1
T n  [10] . Figure 1 shows an example of FG. 
Control Strategy
For system (1), LPF's are defined by 2 , , 1,..., .
The (1)- (7) has the form 
We observe in Figure 3a that the centroid of positions (denoted by X) does not remain constant. However, in some cases of FG, this centroid remains time-invariant. This property is interesting because, regardless of the individual goals of the agents, the dynamics of group remains centered at the position of the centroid. The second main contribution of this paper is to establish the condition of the FG topology to comply with the previous property.
Proposition 1.
Consider the system (1) and the control law (7) . Suppose that 0 k  and the desired formation is based on a well defined FG. Then, in the closed-loop system (1)- (7) 
All the undirected graphs, the cyclic pursuit FG and some mixed FG satisfy the condition (15) . 
Extension to the Case of Unicycles
In this section, the control laws developed so far are extended to the case of unicycles-type robot formations. The kinematic model of each agent or robot , i R as shown in Figure 7 , is given by (20) Figure 6 . Formation errors. 
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The dynamics of (20) 
where the so-called decoupling matrix 
   
We observe in Figure 9 that the formation errors, now related with the coordinates i  converge to zero. Therefore, the coordinates i  converge to the desired formation and the centroid of positions remains constant. It is important to note that the agents do not converge with the same orientation. 
Conclusions
This paper presents a formation control strategy based on LPF's and the FG approaches. The main contribution is a formal proof about the global convergence to the desired formation applied to any well-defined FG based on the properties of the Laplacian matrix. Also, the topological feature of a FG which ensures that the centroid of positions remains stationary is established. This property is interesting because the dynamics of the group remains centered at the position of the centroid, although every agent obeys a decentralized control strategy.
The main contributions are extended to the case of unicycle-type robots including some numerical simulations. In further research the problem of inter-agent collision and experimental work will be addressed.
